Background. Genetic pathways involved with flower color and shape are thought to play an 19 important role in the development of floral forms associated with different pollination 20 syndromes, such as those associated with bee, butterfly, or hummingbird pollination. Because 21 pollination syndromes are complex traits that are orchestrated by multiple genes and pathways, 22 the gene regulatory networks have not been explored. Gene co-expression networks provide a 23 systems level approach to identify important contributors to floral diversification.
Introduction
Constructing the co-expression network for 12 species 288 After removing 74092 orthogroups with too many missing values (>50% missing) or low 289 expression variance (<0.3 variance) and keeping common orthogroups shared between the Bud 290 and D stages, 9503 orthogroups were used to construct two co-expression networks using the 291 weighted gene correlation network analysis (WGCNA) approach. Modules of co-expressed 292 orthogroups are inferred using the expression profiles of each sample regardless of species. 293 Clustering identified 65 and 62 co-expression modules in the Bud and D stage networks, 294 respectively ( Figure 2 ). Module size in the Bud stage ranged from 22 ('mediumorchid') to 592 295 ('turquoise') orthogroups (mean = 146) and ranged from 21 ('antiquewhite4') to 704 296 ('turquoise') orthogroups (mean = 153) in the D stage. Out of the 9503 orthogroups, 7845 (83%) 297 and 8735 (92%) were assigned to modules in each network. 298 The remaining unassigned genes from each network that were not placed into a well-299 defined module were assigned to the 'grey' module by WGCNA. Despite being unplaced, these 300 orthogroups may still be functionally relevant within each network. Unassigned genes in the 301 'grey' module were enriched for many processes, including transcription (Bud, n = 173; D, n = 302 84) and organ development (D, n = 55) , among other functions ( Supplemental Tables 2-3) . 303 We tested whether modules in the Bud stage were preserved in the D stage, and vice 304 versa. Overall, preservation of modules between the Bud and D stage networks was high. Eight 305 of the 65 Bud stage modules ('brown4', 'coral2', 'floralwhite', 'lavenderblush3', 'lightcyan1', 306 'lightsteelblue1', 'maroon', 'mediumpurple3') were not strongly preserved in the D stage, while Smith and Rausher 2011). We also identified two homologs of carotenoid biosynthetic pathway 489 genes as hubs in the D stage: homologs of geranylgeranyl pyrophosphate synthase (GGPPS; 490 cluster10945_2rr.inclade1.ortho1; module 'sienna3') and lycopene beta-cyclase (LCYB; 491 cluster13774_1rr.inclade1.ortho1; module 'black'). GGPPS is involved in the production of 492 precursor molecules while LCYB directs production of either alpha-carotenes or beta-carotenes, 493 the latter of which is thought to be the predominant carotenoids found in Achimenes flowers 494 (Roberts and Roalson 2017). 495 Less is known about the genetic pathways giving rise to the diverse flower shapes in 496 Achimenes. Among the hubs found in the Bud stage were homologs of many proteins involved in [RS2]; cluster11220_1rr.inclade1.ortho3; module 'yellow'), and tcp4 (TCP4; 500 cluster12380_1rr.inclade1.ortho2; module 'darkgreen'). AG plays a role in maintaining floral 501 meristem determinancy and is required for normal development of stamens and carpels (Gómez-502 Mena et al. 2005) . PHAN is involved in cell differentiation and adaxial identity by repressing 503 numerous knox homeobox genes (Waites et al. 1998) . TCP4 is a cell division regulator that was 504 identified as a candidate for corolla spur development in columbine (Yant et al. 2015) and 505 showed increased expression during later stages of floral development in Achimenes patens 506 (Roberts and Roalson 2017). Finally, among the hubs in the D stage network was a homolog of 507 the floral homeotic protein globosa (GLO; cluster2750_1rr.inclade1.ortho3; module 'skyblue3'), 508 which acts in conjunction with deficiens (DEFA) to specify petal identity (Tröbner et al. 1990) .
510
Peripheral genes are enriched for transcriptional regulators in later stages of development 511 Peripheral nodes have low connectivity within co-expression networks (Supplemental 512   Table 7 ), tend to have higher rates of molecular evolution (e.g., Masalia et al. 2017) , and have 513 been hypothesized to contribute more to evolutionary innovations than network hubs (e.g., 514 Ichihashi et al. 2014). Of the 951 nodes we defined as peripheral in both Bud and D stage 515 networks, roughly a third were consistently peripheral under our definitions (lowest 10% 516 connected; Supplemental Table 6 ). After identifying the nodes with homologies to transcriptional 517 regulators, we found there was no difference in the expected number in the early Bud stage, 518 while there were greater than expected numbers of transcriptional regulators in the periphery of 519 the D stage (see Results) . No such patterns existed when we tested these transcriptional 520 regulators as hub genes. While Mähler et al. (2017) found an enrichment for transcription factors 521 among hub genes in a single species network of Populus tremula, our results in a multi-species 522 network find the opposite pattern. Shifting the expression patterns of various genes and pathways 523 can lead to phenotypic divergence among closely related species (West-Eberhard 1989) . This can 524 be seen during later stages of flower development when distinct traits, such as red or purple 525 flower color, can appear in different species due to shifting expression patterns within the 526 anthocyanin biosynthetic pathway (Smith and Rausher 2011) . The connection between the 527 apparent overabundance of transcriptional regulators in later stages of flower development and 528 the rapid phenotypic divergence in floral form will need to be explored further. 529 Some notable peripheral nodes included homologs of divaricata (DIV), dichotoma 530 (DICH), and wuschel (WUS) (Supplemental Table 6 ). Both DIV 531 (cluster13684_1rr.inclade1.ortho1, module 'grey) and DICH (cluster13245_1rr.inclade1.ortho1; 532 module 'grey') are involved in the dorsoventral asymmetry of flowers (Almeida et al. 1997; Luo 533 et al. 1999 ) and were only peripheral in the Bud stage. Flowers at this developmental stage are 534 lacking or only just beginning to establish asymmetry and the relegation of both DIV and DICH 535 to the periphery may reflect this small role. Meanwhile, the homolog of WUS 536 (cluster9273_1rr.inclade1.ortho1; module 'grey') was only peripheral during the D stage. WUS is 537 an important transcription factor that plays an important role to maintain meristem identity and 538 participates in the vegetative to reproductive transition (Lohmann et al. 2001; Zuo et al. 2002) . 539 The relegation of WUS to the periphery at later developmental stages might be expected given 540 that it plays such a prominent role during early floral development.
542
Evolutionary rates are correlated to network connectivity 543 Increased protein evolutionary rates during rapid diversification has been suggested in 544 other radiations of animals and plants (e.g., Kapralov et al. 2013; Brawand et al. 2014; Pease et 545 al. 2016 ). Our study is among the first to examine patterns of network evolution across multiple Table 7 ). Detecting selection is subject to many factors, such as 552 a gene's transcriptional abundance and its importance within the protein interaction network 553 (Lemos et al. 2005) . For instance, we found that higher network connectivity was strongly 554 associated with lower evolutionary rates across both networks in our study (Figure 5; 555 Supplemental Table 7 ). This corroborates the recent results found in other eukaryotic systems 556 (Morandin et al. 2016; Masalia et al. 2017; Josephs et al. 2017; Mähler et al. 2017) while also 557 showing the apparent strength of correlation between connectivity and evolutionary rate differs 558 between studies and systems. 559 Network effects (such as the type of network analysis employed) and the expression 560 levels of highly abundant genes are known to affect evolutionary rates, potentially confounding 561 analysis of selection pressure (Krylov et al. 2003) . We found that dN/dS in early development may 562 be dependent on both connectivity and expression levels, while this interactive effect was gone 563 during later development (Supplemental Table 7 ). As there are few highly connected genes 564 (hubs, which are important determinants of the observed network structure), a random mutation 565 would be less likely to affect such a gene. Changing the amino acid sequence of a hub gene 566 could have multiple associated effects, some deleterious (Hahn and Kern 2004; Luisi et al. 567 2015) . In comparison, a random mutation would be more likely to affect a gene with lower 568 connectivity, while also resulting in variants with fewer negative consequences. The hub genes 569 have more direct interactions and are more likely to be essential and involved in more biological 570 processes, placing them under greater constraint.
572
Numerous network modules correlated to floral form 573 One primary use for gene co-expression network analyses is to identify modules of co-574 expressed genes whose overall expression (as measured by the eigengene) may correlate with 575 different traits. These traits can be both qualitative or quantitative, such as social caste (Morandin 576 et al. 2016), seed oil production (Hu et al. 2016) , or anther development (Hollender et al. 2014) . 577 Since our dataset was composed of samples from 12 species, we performed correlation analyses 578 using a phylogenetic model to test whether module expression correlated to different flower 579 colors, flower shapes, corolla spurs, and pollination syndromes. Nearly half of our modules in 580 both networks had evidence for an association with these floral traits (Figures 3-4 ). There were 581 no modules whose correlation to a pollination syndrome had increased eigengene expression in 582 all species sharing that trait . Instead many modules with correlation to a trait 583 showed a phylogenetic pattern with a shared increased eigengene expression among the most 584 closely related species. For example, module 'darkturquoise' in the Bud stage network had a 585 correlation to butterfly pollination and increased eigengene expression in A. cettoana and A. 586 longiflora, both members of Clade 1 (Figure 1 ). Our aim was to identify sets of co-expressed 587 genes that would provide candidates for involvement in the development of these traits. 588 For instance, many of the candidate hubs we identified (see above) were found in 589 modules that were correlated to one or multiple traits to which they might contribute, such as 590 PHAN (module 'yellow', correlated to corolla spurs) and DFR (module 'darkslateblue', 591 correlated to hummingbird pollination and purple flowers). Additionally, modules correlated to 592 various floral traits were enriched for multiple genes that might be involved in the development 593 of those traits. Module 'palevioletred3' was correlated to corolla spurs in the D stage network 594 Tables   Table 1. Gene Ontology enrichment of network hubs.   Table 2 . Gene Ontology enrichment of network periphery. Each of the 9503 orthogroups were assigned to 65 and 62 modules, respectively, and the color rows underneath show the module assignment. The 'grey' module is for unassigned orthogroups. (C) Correspondence of Bud stage modules and D stage modules. Each row corresponds to one Bud stage module (labeled by color and module size), and each column corresponds to one D stage module (labeled by color and module size). Numbers in the table indicate gene counts in the intersection of the corresponding modules. Coloring of the table encodes -log(p), with p being the Fisher's exact test p-value for the overlap of the two modules. The stronger the red color, the more significant the overlap. Each row represents an individual module in the Bud stage network and shows the total module size (column All) and the number of hubs (column Hubs). Each column in the central table represents the floral traits (Pollination Syndrome, Flower color, Flower shape, and Spurs) that were tested for an association to module eigengenes. The eigengene expression is indicated for each module in which all three replicates from a species either had > 1.0 or < -1.0 expression. An association was considered 'Strongly positive' when both the eigengene expression was > 1.0 in species that had the trait and MCMCglmm results were significant. An association was considered 'Strongly negative' when both the eigengene expression was < -1.0 in species that had the trait and MCMCglmm results were significant. Associations were considered 'Weakly positive' or 'Weakly negative' when only MCMCglmm results were significant. Each row represents an individual module in the D stage network and shows the total module size (column All) and the number of hubs (column Hubs). Each column in the central table represents the floral traits (Pollination Syndrome, Flower color, Flower shape, and Spurs) that were tested for an association to module eigengenes. The eigengene expression is indicated for each module in which all three replicates from a species either had > 1.0 or < -1.0 expression.
Figures
An association was considered 'Strongly positive' when both the eigengene expression was > 1.0 in species that had the trait and MCMCglmm results were significant. An association was considered 'Strongly negative' when both the eigengene expression was < -1.0 in species that had the trait and MCMCglmm results were significant. Associations were considered 'Weakly positive' or 'Weakly negative' when only MCMCglmm results were significant. 
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Suppl. 
Suppl. Figure 3. Effects of floral traits on the eigengene expression in the Bud stage
modules summarized over 50 phylogenetic trees. Each plot shows a summary of the important floral predictors (flower color, flower shape, and corolla spur) for each module in the Bud stage network. The posterior distribution of an independent variable with negligible effect on eigengene expression is centered around zero (dashed line). The distribution of an influential variable is expected to be substantially different from zero. Black dots indicate the mode of the posterior distribution, and boxes indicate the 50 and 95% credible intervals.
Suppl. Figure 4. Effects of pollination syndrome on the eigengene expression in the Bud
stage modules summarized over 50 phylogenetic trees. Each plot shows a summary of the important pollination syndrome predictors for each module in the Bud stage network. The posterior distribution of an independent variable with negligible effect on eigengene expression is centered around zero (dashed line). The distribution of an influential variable is expected to be substantially different from zero. Black dots indicate the mode of the posterior distribution, and boxes indicate the 50 and 95% credible intervals.
Suppl. Figure 5 . Effects of floral traits on the eigengene expression in the D stage modules summarized over 50 phylogenetic trees. Each plot shows a summary of the important floral predictors (flower color, flower shape, and corolla spur) for each module in the D stage network. The posterior distribution of an independent variable with negligible effect on eigengene expression is centered around zero (dashed line). The distribution of an influential variable is expected to be substantially different from zero. Black dots indicate the mode of the posterior distribution, and boxes indicate the 50 and 95% credible intervals.
Suppl. Figure 6 . Effects of pollination syndrome on the eigengene expression in the D stage modules summarized over 50 phylogenetic trees. Each plot shows a summary of the important pollination syndrome predictors for each module in the D stage network. The posterior distribution of an independent variable with negligible effect on eigengene expression is centered around zero (dashed line). The distribution of an influential variable is expected to be substantially different from zero. Black dots indicate the mode of the posterior distribution, and boxes indicate the 50 and 95% credible intervals. 
Suppl. Figure 7. Relationship between orthogroup dN/dS (omega) and average expression.
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Membership Module
Supplemental Figure 2 . Module eigengenes in the D stage network.
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